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We investigated the effects of silver nanomaterials (AgNMs) on ﬁve well-characterized soils with distinct
physicochemical properties using two standardized test systems. The carbon transformation test (OECD
217) showed minimal sensitivity whereas the ammonia oxidizing bacteria test (ISO 15685) showed
extreme sensitivity over 28 days of exposure. AgNM toxicity was compared with the physicochemical
properties of the soils, revealing that toxicity declined with increasing clay content and increasing pH.
AgNM toxicity did not appear to be affected by the organic carbon content of the soil. Our results showed
that AgNM toxicity cannot be attributed to any single soil property but depends on the same parameters
that determine the toxicity of conventional chemicals. Recommendations in the test guidelines for soil
ecotoxicity studies are therefore applicable to AgNMs as well as conventional chemicals.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Silver nanomaterials (AgNMs) have potent antimicrobial prop-
erties (Morones et al., 2005) making them suitable for diverse ap-
plications such as the manufacture of plastics, textiles, healthcare
products, coatings and electrical appliances. The demand for such
materials is rising, and this increases the risk of AgNM contami-
nation entering the environment. Many studies have conﬁrmed the
release of AgNM particles from textiles (Benn and Westerhoff,
2008; Geranio et al., 2009) and coatings (Kaegi et al., 2010). Esti-
mates of environmental exposure (based on material ﬂow analysis
during the life cycle of various nanomaterials) suggest that aquatic
organisms may be harmed by AgNMs present in the efﬂuent of
sewage-treatment plants (Nowack et al., 2012). However, there is
also evidence that AgNMs affect the terrestrial environment, e.g.
through the use of sewage sludge as agricultural fertilizer (Schlich
et al., 2013b).
The antimicrobial effect of AgNMs is persistent. AgNMs that
have been passed through amodel sewage treatment plant, applied
to soil via the sewage sludge and tested after 100e140 days, remain
as toxic towards microorganisms as freshly-prepared AgNMs
applied to soil and tested after 28 days (Schlich et al., 2013b).
AgNMs also affect the reproduction of earthworms (Heckmannde (K. Schlich), kerstin.hund-
Ltd. This is an open access article uet al., 2011; Schlich et al., 2013a; Shoults-Wilson et al., 2011a,
2011b; Tsyusko et al., 2012), as well as the biomass content by
substrate-induced respiration and the enzyme activity of soils
(H€ansch and Emmerling, 2010; Shin et al., 2012). These studies used
pristine AgNMs and provided important information for risk
characterization. However, the detection, fate and effects of AgNMs
in soils and other complex media remain a challenging area of
research (von der Kammer et al., 2012).
The physicochemical characteristics of soil (e.g. pH, ionic
composition, grain size, organic matter content, temperature, solar
radiation exposure and hydrostatic pressure) inﬂuence the chem-
ical form, mobility, bioavailability and thus the toxicity of pollut-
ants. The evaluation of toxicity is complex because the impact of
pollutants on soil biota is determined by a combination of physi-
cochemical soil characteristics, the chemical form of the pollutant
and the physiological status of the biota (Babich et al., 1980).
Fate studies have identiﬁed factors that inﬂuence the transport
of AgNMs in soils (Aiken et al., 2011; Akaighe et al., 2011; Coutris
et al., 2012; El Badawy et al., 2013; Sagee et al., 2012). The effect
of soil type (Shoults-Wilson et al., 2011b) and ion content in the soil
pore water (Schlich et al., 2013a) have been considered in earth-
worm (Eisenia andrei) reproduction tests, but the soil parameters
that affect the toxicity of AgNMs towards soil microorganisms are
poorly understood and the role played by soil properties has not
been investigated. Soil microorganisms are the agents of most
important soil processes, including the transformation of organic
matter and nutrients (Powlson et al., 2001). It is difﬁcult to predict
the bioavailability of AgNMs in natural soils because of thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Physicochemical properties of reference soils.
Parameter RefeSol 01Aa RefeSol 02Aa RefeSol 04Aa RefeSol 03Gb RefeSol 05Gb
Soil type Dystric cambisol Stagnic luvisol Gleyic podsol Eutric cambisol Gleyic ﬂuvisol
Properties Loamy sand, medium
acid, very light humic
Silt loam, sub-acid,
light humic
Loamy sand, medium
acid, medium humic
Silt loam, medium
acid, medium humic
Silt loam, strongly
acid, strongly humic
Sand [%] 71 2 85 21 22
Silt [%] 24 84 1 52 62
Clay [%] 5 15 4 27 16
pH (CaCl2) 5.30 6.57 5.03 5.98 4.59
Corg [%] 0.93 1.30 2.91 3.85 3.08
CECeff [mmolc/kg] 37.9 133.2 85.7 135.8 116.1
WHCmax [mL/kg] 264 419 346 768 584
Corg: organic carbon; CEC: cation exchange capacity; WHCmax: maximum water-holding capacity.
a Arable land.
b Grassland.
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ical properties and environmental conditions (Cornelis et al., 2014).
We investigated the impact of different soil properties on the
toxicity of NM-300K, an AgNM from the OECD Sponsorship Pro-
gramme. We focused on microorganisms because they are affected
most severely by the antimicrobial properties of AgNMs. Following
OECD Guideline 217 (2000) and ISO Guideline 15685 (2012), we
investigated the effects of AgNM on substrate-induced respiration
and ammonia oxidizing bacteria over 28 days with ﬁve reference
soils varying in pH, organic carbon content and grain size distri-
bution. These soils are suitable for testing the inﬂuence of sub-
stances on the habitat function of soils, i.e. bioavailability and
effects on organisms (K€ordel, 2007). We also distinguished be-
tween the effects of particles and released ions by testing silver
nitrate under the same conditions.2. Materials and methods
2.1. Materials
2.1.1. Test soil
The experiments were carried out using ﬁve different reference
soils (RefeSol) whose physicochemical properties are listed inTable 2
Actual data of the substrate-induced respiration in mg O2/(kg dw * h) for the ﬁve differe
AgNM Soil Control ± SD Dispersant ± SD
01A d1 3.5 ± 0.5 3.7 ± 0.5
d28 2.4 ± 0.0 2.4 ± 0.0
02A d1 5.6 ± 0.7 5.8 ± 0.4
d28 4.0 ± 0.0 3.8 ± 0.4
04A d1 3.8 ± 0.4 3.6 ± 0.5
d28 3.4 ± 0.4 3.8 ± 0.4
Soil Control ± SD Dispersant ± SD
03G d1 20.8 ± 0.7 18.8 ± 1.5
d28 16.4 ± 0.5 16.4 ± 0.8
05G d1 9.0 ± 0.4 9.0 ± 0.4
d28 7.0 ± 0.4 6.4 ± 0.0
AgNO3 Soil Control ± SD 0.19 mg/kg ± SD
01A d1 4.1 ± 0.4 3.9 ± 0.8
d28 4.6 ± 0.0 4.6 ± 0.1
02A d1 4.4 ± 0.4 4.4 ± 0.4
d28 4.1 ± 0.4 3.4 ± 0.5
04A d1 3.6 ± 0.5 3.6 ± 0.5
d28 3.1 ± 0.0 2.6 ± 0.5
Soil Control ± SD 0.19 mg/kg ± SD
03G d1 18.5 ± 0.8 18.8 ± 0.9
d28 15.1 ± 1.1 15.0 ± 1.2
05G d1 8.1 ± 0.1 8.1 ± 0.0
d28 9.0 ± 0.5 8.8 ± 0.5
SD: Standard deviation.Table 1. RefeSol soils were selected as reference soils by the German
Federal Environment Agency (Umweltbundesamt UBA) and they
match the properties stated in various OECD terrestrial ecotoxico-
logical guidelines (e.g. tests with plants and soil microﬂora). The
soils were sampled in the ﬁeld and stored in high-grade stainless
steel basins with drainage and ground contact at the Fraunhofer
IME in Schmallenberg. Red clover was sown in all the stored soils
and no pesticides were used. Appropriate amounts of soil were
sampled 1e4 weeks before the test. If the soil was too wet for
sieving it was dried at room temperature to 20e30% of the
maximumwater holding capacity (WHCmax) with periodic turning
to avoid surface drying. If the tests did not start immediately after
sieving, the soil was stored in the dark at 4 C under aerobic con-
ditions (ISO Guideline, 18512, 2007).2.1.2. AgNMs
NM-300K was used as required by the OECD Sponsorship Pro-
gramme (Organisation for Economic Co-operation and Develop-
ment, 2007). This is a colloidal silver dispersion with a nominal
silver content of 10% (w/w) and a particle size of ~15 nm with a
narrow size distribution (99%). A second particle size of 5 nm,
which is much less abundant (1%), was identiﬁed by TEM. The
particles are dispersed in mixture of a stabilizing agents (NM-300Knt soils.
0.56 mg/kg ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD
3.2 ± 0.0 3.2 ± 0.0 3.2 ± 0.0
2.1 ± 0.5 2.1 ± 0.5 1.1 ± 0.6
5.6 ± 0.7 5.8 ± 0.4 5.2 ± 0.5
4.0 ± 0.7 4.2 ± 0.4 4.4 ± 0.5
3.6 ± 0.5 4.0 ± 0.0 4.6 ± 0.4
3.6 ± 0.5 3.2 ± 0.0 3.4 ± 0.4
1.67 mg/kg ± SD 5.0 mg/kg ± SD 15.0 mg/kg ± SD
2.6 ± 0.4 19.8 ± 0.8 19.6 ± 0.8
15.8 ± 1.0 15.0 ± 1.5 13.8 ± 1.2
8.6 ± 0.8 8.4 ± 0.5 8.4 ± 0.5
6.4 ± 0.0 5.3 ± 0.5 4.4 ± 0.5
0.56 mg/kg ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD
4.4 ± 0.4 3.9 ± 0.0 3.6 ± 0.5
4.6 ± 0.0 4.6 ± 0.0 3.1 ± 0.0
4.1 ± 0.9 4.6 ± 0.0 2.8 ± 1.9
3.6 ± 0.5 3.1 ± 0.0 2.6 ± 0.5
3.4 ± 0.5 3.6 ± 0.5 3.1 ± 0.0
3.1 ± 0.8 2.3 ± 0.0 2.3 ± 0.0
1.67 mg/kg ± SD 5.0 mg/kg ± SD 15.0 mg/kg ± SD
18.3 ± 0.4 17.8 ± 0.0 13.6 ± 0.5
15.0 ± 1.2 13.4 ± 0.6 9.2 ± 0.1
7.7 ± 0.7 7.3 ± 0.7 5.8 ± 0.0
8.0 ± 0.5 6.9 ± 0.0 5.4 ± 0.0
Fig. 1. Effects on substrate-induced respiration caused by NM-300K and silver nitrate at the start (day 0) and end (day 28) of the test. For each soil, the left panels show the results
with NM-300K and the right panels show the result with silver nitrate. Negative values on the Y-axis (Inhibition to control treatment [%]) indicate a stimulation of the substrate-
induced respiration in comparison to the control.
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Table 3
Effective concentrations of NM-300K and silver nitrate on substrate-induced respiration in ﬁve different soils after 28 days.
Test guideline Endpoint Soil type Test item EC10 [mg/kg dw]
(95% conﬁdence interval)
EC50 [mg/kg dw]
(95% conﬁdence interval)
C-Transformation (OECD 217) Respiration activity RefeSol 01A NM-300K n.d. 5.6 ()
Silver nitrate 1.4 () n.d.
RefeSol 02A NM-300K n.d. n.d.
Silver nitrate 0.1 n.d.
RefeSol 04A NM-300K n.d. n.d.
Silver nitrate 0.3 n.d.
RefeSol 03G NM-300K n.d. n.d.
Silver nitrate 4.8 (3.9e5.7) 20.7 (18.5e24.1)
RefeSol 05G NM-300K n.d. n.d.
Silver nitrate 1.5 (0.8e2.1) 25.6 (18.8e40.5)
dw: dry weight.
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oleate and polyoxyethylene sorbitan monolaurate (Tween-20)
(Klein et al., 2011). Silver nitrate (Merck KGaA, Germany) was used
as a comparator to determine the effects of silver ions.2.2. Methods
2.2.1. Ecotoxicological tests with soil
Weused a combination of two test guidelines to assess the effect
of NM-300K and silver nitrate on ammonia oxidizing bacteria.
Previous studies have shown that ISO Guideline 15685 (2012) is
more suitable than OECD Guideline 216 (2000) for the determi-
nation of AgNM toxicity (Hund-Rinke and Schlich, 2014). Incuba-
tion was therefore carried out in accordance with OECD Guideline
216 (2000), but the nitrite content was determined using the
short-term potential ammonium oxidation test as recommended
by ISO Guideline 15685 (2012). The intent of this method is to
measure the ammonia oxidation potential, which provides an
indication of the size of the ammonia oxidizing bacterial popula-
tion. The effect of NM-300K and silver nitrate on ammonia
oxidizing bacteria was determined by measuring the trans-
formation of ammonium after 24 h and 28 days. Tests were carried
out using four 250 mL Erlenmeyer ﬂasks per treatment ﬁlled with
25 g dry sieved and spiked soil along with four matching controls.
The vessels were incubated in the dark at 20 ± 2 C for 24 h and
were then topped up to 100 mL with mineral test medium
(0.56 mM KH2PO4, 1.44 mM K2HPO4, 5 mM NaClO3, 1.5 mM
(NH4)2SO4). The slurries were incubated on an orbital shaker at
25 ± 2 C, and 10 mL samples were removed after 2 and 6 h, sup-
plemented with 10 mL 4 mol/L KCl, ﬁltered, and the nitrite levels in
the ﬁltrate were determined using a spectrophotometer.
Substrate-induced respiration was measured as described in
OECD Guideline 217 (2000). In this test glucose induced respiration
rates (i.e. the mean of the quantities of carbon dioxide formed or
oxygen consumed) are measured, indicating the toxicity of NM-
300K or silver nitrate to aerobic heterotrophic microorganisms
utilizing available carbon sources. The toxicity indicator is the
glucose induced respiration rates, relative to the control, during
incubation with AgNM or silver nitrate. Four 500-ml Erlenmeyer
ﬂasks per treatment were ﬁlled with 100 g dry sieved and spiked
soil and 2.64 g of a glucoseetalc mixture, and four matching con-
trols were also prepared. The vessels were incubated in darkness at
20 ± 1 C for 24 h. Respiration was measured during incubation
with an OxiTop Sensomat system, which determines the pressure
drop caused by the consumption of oxygen. The carbon dioxide
produced by respirationwas absorbed by potassium hydroxide and
did not interfere with the measurement.The effect of NM-300K and silver nitrate on substrate induced
respiration was determined after 24 h and 28 days. Measurements
at test start and test end were conducted to observe immediate and
long-term effects of AgNMs and silver ions (silver nitrate) on the
microorganisms. For the arable soils (RefeSol 01A, 02A and 04A),
we tested NM-300K at concentrations of 0.56, 1.67 and 5.0 mg/kg
dry weight (dw) soil, whereas for the grassland soils (RefeSol 03G
and 05G) we tested NM-300K at concentrations of 1.67, 5.0 and
15.0 mg/kg dw soil. The control with dispersant was tested at a
dispersant concentration equivalent to the highest NM-300K con-
centration. Silver nitrate was tested at concentrations of 0.19, 0.56,
1.67, 5.0 and 15.0 mg/kg dw soil in all soil types. The soil samples
were taken in the morning before the investigations from the in-
dividual replicates. At test start the sampling was performed after
24 h, at test end after 28 days.
2.2.2. Application of test materials to soil
The test materials were applied to the reference soils as previ-
ously described (Hund-Rinke et al., 2012; Schlich et al., 2013a). This
ensured that each test sample was a homogeneous mixture of the
test materials and soil, as conﬁrmed by ICP-OES (Schlich et al.,
2013b).
2.2.3. Statistical analysis
Probit analysis was used to estimate the ECx values and dos-
eeresponse curves for each of the tests. Statistical analysis was
carried out using ToxRatPro v2.10 software for ecotoxicity response
analysis (ToxRat Solutions GmbH, Alsdorf, Germany). Principal
component analysis was used to conﬁrm the relationship between
soil parameters and toxicity.
3. Results
3.1. Substrate-induced respiration
Both tests fulﬁlled the validity criterion, i.e. a coefﬁcient of
variation between the control replicates of 15%. The actual data of
the substrate-induced respiration is presented in Table 2. The re-
sults for the effects of AgNMs compared to the control without
dispersant are summarized in Fig. 1, which shows the inhibition of
substrate-induced respiration by NM-300K and silver nitrate in
each of the ﬁve soils. The EC10 and EC50 values are presented in
Table 3.
The actual data of the substrate-induced respiration shows that
the respiration activity in the arable soils (01A, 02A and 04A) is less
pronounced compared to the grassland soils (03G and 05G). In the
test with NM-300K, values in the control ranged from 3.5 up to
5.6 mg O2/(kg dw * h) in the arable soils, whereas it ranged from 9.0
Fig. 2. Effects on the nitrite by production ammonia oxidizing bacteria caused by NM-300K and silver nitrate at the start (day 0) and end (day 28) of the test. For each soil, the left
panels show the results with NM-300K and the right panels show the result with silver nitrate. Negative values on the Y-axis (Inhibition to control treatment [%]) indicate a
stimulation of the nitrite production by ammonia oxidizing bacteria in comparison to the control.
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Table 4
Actual data of the potential ammonium oxidation in ng/(g dw * h) for the ﬁve different soils.
AgNM Soil Control ±SD Dispersant ±SD 0.56 mg/kg ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD
01A d1 61.4 ± 2.3 66.6 ± 2.9 56.0 ± 4.6 49.9 ± 4.3 24.9 ± 2.5
d28 70.8 ± 1.7 62.5 ± 5.2 50.9 ± 2.8 34.1 ± 2.7 4.0 ± 1.6
02A d1 253.6 ± 7.3 235.8 ± 8.3 248.5 ± 12.8 231.7 ± 8.0 220.8 ± 8.4
d28 236.5 ± 2.3 236.6 ± 8.0 242.9 ± 4.5 230.9 ± 4.1 191.7 ± 13.4
04A d1 34.9 ± 8.7 35.1 ± 8.4 16.0 ± 7.8 14.6 ± 5.6 11.2 ± 5.0
d28 15.2 ± 1.2 16.8 ± 8.6 11.6 ± 4.5 5.8 ± 2.1 0.0 ± 0.0
Soil Control ± SD Dispersant ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD 15.0 mg/kg ± SD
03G d1 741.5 ± 11.8 690.3 ± 26.4 681.6 ± 66.9 735.2 ± 50.1 724.7 ± 55.8
d28 690.3 ± 19.8 624.6 ± 32.1 636.7 ± 56.9 608.4 ± 19.6 476.2 ± 23.7
05G d1 87.2 ± 5.6 76.5 ± 12.8 78.2 ± 1.9 89.5 ± 37.9 30.8 ± 11.0
d28 92.9 ± 4.0 91.1 ± 11.0 71.1 ± 6.6 40.8 ± 2.4 7.5 ± 3.4
AgNO3 Soil Control ± SD 0.19 mg/kg ± SD 0.56 mg/kg ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD
01A d1 109.2 ± 7.2 97.5 ± 6.4 86.5 ± 5.8 40.4 ± 8.5 2.4 ± 3.0
d28 83.6 ± 7.8 74.6 ± 1.3 66.0 ± 3.5 61.5 ± 4.3 16.8 ± 1.5
02A d1 199.6 ± 7.0 197.7 ± 5.6 182.4 ± 11.0 154.1 ± 7.4 43.9 ± 22.5
d28 231.6 ± 8.4 225.0 ± 4.4 212.4 ± 5.4 199.4 ± 3.8 125.5 ± 4.4
04A d1 57.0 ± 4.9 58.0 ± 4.6 48.7 ± 2.4 44.8 ± 4.7 23.8 ± 2.4
d28 59.3 ± 3.3 64.7 ± 5.9 61.6 ± 4.8 44.7 ± 3.8 18.6 ± 5.5
Soil Control ± SD 0.19 mg/kg ± SD 1.67 mg/kg ± SD 5.0 mg/kg ± SD 15.0 mg/kg ± SD
03G d1 810.5 ± 70.2 831.3 ± 70.5 780.4 ± 115.0 639.3 ± 85.5 144.5 ± 33.6
d28 745.7 ± 24.5 712.4 ± 28.5 716.2 ± 53.8 615.6 ± 27.2 275.8 ± 10.3
05G d1 70.7 ± 9.4 70.4 ± 2.0 62.0 ± 14.8 30.9 ± 5.3 0.2 ± 0.4
d28 82.3 ± 6.6 78.3 ± 2.3 54.8 ± 1.5 19.0 ± 2.3 1.0 ± 1.9
SD: Standard deviation.
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tests with NM-300K the substrate-induced respiration rate
decreased within the incubation period of 28 days, ranging be-
tween 2.4 up to 4.0 mg O2/(kg dw * h) for the arable soils and 7.0 up
to 16.4 mg O2/(kg dw * h) for the grassland soils (Table 2). Similar
results were obtained in the tests with silver nitrate.
In the NM-300K test, there was no signiﬁcant difference be-
tween the control and the dispersant control. The carbon trans-
formation test showed only minimal sensitivity to both NM-300K
and silver nitrate at the concentrations we tested.
A concentration-response relationship was observed for NM-
300K in soils 05G and 01A (Fig. 1). However, the maximum inhi-
bition in soil 05G was less than 50% and it was therefore not
possible to calculate an EC50 value (Fig. 1). In reference soil 01A, 58%
inhibition was observed at the highest test concentration of 5 mg/
kg dry weight soil. Due to the poor dose response relationship an
EC50 value of 5.6 mg/kg dry weight soil was calculated (Table 3). In
the experiments with soils 02A, 04A and 03G, there was no sig-
niﬁcant difference between the effects of NM-300K and the con-
trols, i.e. no inhibition of substrate-induced respiration, and it was
not possible to calculate an EC50 value.
Silver nitrate had a negligible impact on substrate-induced
respiration at the concentrations tested. Although concentration-
response relationships were observed in soils 03G and 05G, andTable 5
Effective concentrations of NM-300K and silver nitrate on ammonia oxidizing bacteria in
Test guideline Endpoint Soil type
Ammonium oxidation (ISO 15685) Nitrite production RefeSol 01A
RefeSol 02A
RefeSol 04A
RefeSol 03G
RefeSol 05G
dw: dry weight.there was an inhibitory effect in all soils at the highest concentra-
tion, the inhibition compared to the control never exceeded 50%
and EC50 values therefore had to be estimated by extrapolation.
EC50 values of 20.7 and 25.6 mg/kg dry weight soil were estimated
for soils 03G and 05G, respectively (Table 3).3.2. Potential ammonium oxidation
All tests fulﬁlled the validity criterion, i.e. a coefﬁcient of vari-
ation between the control replicates of15%. The transformation of
ammoniumwas expressed as nitrite production. The actual data of
the potential ammonium oxidation is presented in Table 4. The
results for the effects of AgNMs compared to the control without
dispersant are summarized in Fig. 2, which shows the inhibition of
ammonium oxidation by NM-300K and silver nitrate in each of the
ﬁve soils. The calculated EC10 and EC50 values are presented in
Table 5.
The actual data of the potential ammonium oxidation test shows
that the ammonium oxidation activity is lower in the soils with a
low pH value (04A, 01A and 05G) as in the soils with a higher pH
(02A and 03G). In the test with NM-300K, values in the control
ranged from 34.9 up to 87.2 ng NO2/(g dw * h) in the soils with low
pH, whereas a higher activity was found in the soils with a higher
pH value ranging from 253.6 up to 741.5 ng NO2/(g dw * h)ﬁve different soils after 28 days.
Test item EC10 [mg/kg dw]
(95% conﬁdence interval)
EC50 [mg/kg dw]
(95% conﬁdence interval)
NM-300K 1.3 (1.0e1.5) 1.6 (0.5e4.8)
Silver nitrate 0.5 () 2.4 ()
NM-300K 3.4 (3.0e3.6) 12.0 (10.1e15.5)
Silver nitrate 1.1 (0e2.1) 6.0 (3.6e311)
NM-300K 0.4 () 1.2 ()
Silver nitrate 1.0 (0.6e1.3) 3.2 (2.7e3.8)
NM-300K 9.0 (8.4e9.6) 28.4 (26.1e31.5)
Silver nitrate 3.6 (0.9e5.6) 11.2 (8.1e16.8)
NM-300K 1.0 () 3.9 ()
Silver nitrate 0.8 (0.6e0.9) 2.5 (2.3e2.7)
Table 6
Test soils in (left to right) descending order of toxicity to the ammonia oxidizing bacteria in tests with NM-300K in relation to the physicochemical properties of the soil.
Additional information on soil properties are presented in Table 1.
Soil RefeSol 04Aa RefeSol 01Aa RefeSol 05Gb RefeSol 02Aa RefeSol 03Gb
EC50 [mg/kg dw] 1.2 2.9 3.9 12.0 28.4
pH (CaCl2) 5.03 5.30 4.59 6.57 5.98
Sand [%] 85 71 22 2 21
Clay [%] 4 5 16 15 27
Organic carbon content [%] 2.9 0.9 3.1 1.3 3.9
a Arable land.
b Grassland.
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incubation period or were found to be on an equal level compared
with the values at test start. Similar results were obtained in the
tests with silver nitrate.
In the NM-300K test, there was no signiﬁcant difference be-
tween the control and the dispersant control. Ammonia oxidizing
bacteria (ISO Guideline 15685, 2012) were sensitive to 28 days of
exposure to NM-300K and silver nitrate, but the toxicity of each test
substance was expressed in different ways. In the case of NM-300K
there was little inhibition of the ammonia oxidizing bacteria at the
beginning of the test, but the toxicity increased over the next 28
days. In contrast, silver nitrate showed immediate toxicity towards
ammonia oxidizing bacteria, and the toxicity either remained
steady or declined gradually over the next 28 days.
Concentration-effect relationships were observed in all experi-
ments, although because the effects of NM-300K were generally
low compared to silver nitrate, only weak relationships were
observed when testing soils 02A and 03G (Fig. 2). For the experi-
ments with silver nitrate, well-deﬁned concentration-response
relationships were found at the beginning of the test and after 28
days.
At the end of the 28-day test period, NM-300K demonstrated
the greatest toxicity towards ammonia oxidizing bacteria in soil
04A (EC50 ¼ 1.2 mg/kg dry weight soil), followed by 01A
(EC50 ¼ 1.6 mg/kg dry weight soil) and 05G (EC50 ¼ 3.9 mg/kg dry
weight soil). The toxicity in the remaining soils was 10e20 times
lower, with greater toxicity in soil 02A (EC50 ¼ 12.0 mg/kg dry
weight soil) than 03G (EC50 ¼ 28.4 mg/kg dry weight soil) as
summarized in Table 5. The experiments with silver nitrate showed
similar trends in effect concentration after 28 days. The EC50 ranged
from 2.4 mg/kg dry weight soil (01A) to 11.2 mg/kg dry weight soil
(03G) but with silver nitrate there was only a ﬁve-fold difference
between the highest and lowest toxicity values (Table 5).3.3. Results in relation to the different soil parameters
The relationship between AgNM toxicity and physicochemical
soil properties is summarized in Table 6, which lists the soils in
descending order of effect concentrations (low to high EC50) and
compares the observed AgNM toxicity with the soil properties (pH,
organic carbon content and grain size). We also carried out prin-
cipal component analysis (Fig. 3) with the soils assigned to groups
with higher toxicity (04A, 01A and 05G) and lower toxicity (02A
and 03G).
The highest AgNM toxicity was associated with more acidic
soils, i.e. 04A (pH 5.03), 01A (pH 5.30) and 05G (pH 4.59) and
ranged from 1.2 to 3.9 mg/kg dry weight soil (Table 6). The lowest
toxicity was associated with the more alkaline soils, i.e. 02A (pH
6.57) and 03G (pH 5.98). However, there was no direct relationship
between the soil pH and the toxicity.
There was no relationship between the toxicity of AgNMs and
the organic carbon content of the soil. In the three soils associated
with the highest AgNM toxicity (04A, 01A and 05G) the organiccarbon content ranged from 0.9% (01A) to 3.1% (05G) but similar
values were found in the soils associated with the lowest AgNM
toxicity, i.e. 02A (1.3%) and 03G (3.9%).
In contrast, there was a clear relationship between the toxicity
of AgNMs and the grain size distribution in the soil (Fig. 3 and
Table 6). Soils with a high content of sand and a low content of clay
were associated with high AgNM toxicity, whereas those with a
high content of clay and a low content of sand were associated with
lowAgNM toxicity. The relationship between grain size distribution
and toxicity was more pronounced in case of the clay content than
sand. There is only a minor difference between 05G and 02A
regarding the clay content, whereas the difference between 02A
and 03G concerning the sand content is more pronounced.
4. Discussion
We found that both NM-300K and silver nitrate weremore toxic
towards ammonia oxidizing bacteria than to aerobic heterotrophic
microorganisms (measured via substrate-induced respiration),
which demonstrated a lower sensitivity at the study endpoint in
agreement with previous studies reporting the higher sensitivity of
ammonia oxidizing bacteria (H€ansch and Emmerling, 2010; Hund-
Rinke and Schlich, 2014; Schlich et al., 2013b). The performance of
the C-Transformation test in accordance to the OECD 217 did result
in weak-to-absent effects on the aerobic heterotrophic microor-
ganisms (measured via substrate-induced respiration). The weak-
to-absent effect of the AgNMs in the carbon transformation test
meant it was not possible to investigate the effects of different soil
parameters. However, the stronger effects against ammonia
oxidizing bacteria made it possible to investigate the impact of soil
properties on the potential ammonium oxidation activity. The
actual data of all tests revealed a higher respiration activity (sub-
strate-induced respiration) in grassland soils (03G and 05G) than in
arable soils (01A, 02A and 04A). The grassland soils have due to
their higher organic carbon content (3.1e3.9) and their typical grain
size distribution with a lower sand content and a higher clay and
silt content in general a higher microbial activity. The decreases of
the substrate-induced respiration rates from test start to test end
are due to the incubation under laboratory conditions. In case of the
actual data for the potential ammonium oxidation we found a
higher activity of the ammonium oxidizing bacteria in soils with a
higher pH value. This corresponds to the guideline ISO 15685
(2012) mentioning that soils should have a pH between 5.5 and
7.5. These ﬁndings show that the actual data for all tests is
reasonable.
4.1. Soil pH
The effects of nanomaterials are strongly dependent on the
transformation processes they undergo in the environment (Lowry
et al., 2012b). AgNM are oxidized in the environment, and the
release of silver ions may be responsible for the toxic effect (Lowry
et al., 2012a). Both the oxidation of AgNMs and the release of ions
Fig. 3. Principal component analysis (PCA), classifying soils 04A, 01A and 05G as “high toxicity” and 02A and 03G as “low toxicity”. PCA showing inﬂuence of different soil properties
on the toxicity of nanosilver to ammonia oxidizing bacteria. Upper part: All variables are represented in this plot, and the distance to the axis cross indicate how each variable
contributes to the two principal components in the plot. Lower part: The two ﬁrst principal components, which explain 89.8% of the total variance, are represented. Principal
component 1 is responsible for 56.1% of the total variability of the data and principal component 2 is responsible of 33.7% of the variability.
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for different soils showed that the highest AgNM toxicity was
associated with more acidic soils, i.e. 04A (pH 5.03), 01A (pH 5.30)
and 05G (pH 4.59) whereas the lowest toxicity was associated with
more alkaline soils, i.e. 02A (pH 6.57) and 03G (pH 5.98). We did not
observe a linear relationship between AgNM toxicity and soil pH,
but there was a difference of ~0.7 between the highest and lowest
pH values, providing evidence that the soil pH value inﬂuences
AgNM dissolution and the release of ions. This agrees with a pre-
vious study showing that the toxicity of AgNMs towards earth-
worms is associated with the ion content in the soil pore water
(Schlich et al., 2013a). The effect of ZnO nanomaterials is also
caused mainly by the release of ions, which suggests the results
should be comparable with those observed for AgNMs. Accordingly,
the effect of ZnO nanomaterials on the reproduction of Folsomia
candida showed that the toxicity of metallic nanomaterials was
dependent on soil pH, and again that the toxicity increased in more
acidic soils (Waalewijn-Kool et al., 2013). The effect of Zn toxicity on
the reproduction of Eisenia fetida is inﬂuenced by pH for all forms of
Zn, reﬂecting the inﬂuence of pH on Zn dissolution (Heggelund
et al., 2014).
We found that the toxicity of AgNMswas lowat the beginning of
the test but increased towards the end, whereas the toxicity ofsilver nitrate (used as pure ion source) was observed from the
beginning of the test and either remained stable or declined. The
effect concentrations of AgNM and silver nitrate at the end of the
test (after 28 days) were comparable. These results suggest that the
soil pH inﬂuences the availability of ions which are either added
directly to the soil or released slowly from AgNMs over time. These
results also emphasize the importance of long-term tests at least
for ion-releasing nanomaterials in soil.4.2. Organic carbon content
We also investigated the impact of the organic carbon content
on AgNM toxicity since this parameter may inﬂuence the effect of
nanomaterials (Aiken et al., 2011). The organic carbon content
varied between 0.93% (01A) and 3.85% (03G), but there was no
relationship between the organic carbon content of the ﬁve soils we
tested and the toxicity of either AgNM or silver nitrate.
There are indications in the literature that organic matter can
alter the effects of nanomaterials, especially those which release
ions. For example, the toxicity of AgNMs towards the freshwater
zooplankton Ceriodaphnia dubia and Daphnia magna declined
signiﬁcantly as the dissolved organic carbon content increased
(Cupi et al., 2014; Kennedy et al., 2012). AgNMs are less mobile in
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because organic materials such as sewage sludge interact with
AgNMs, with sorption rates greater than 90% for uncoated particles
(Kiser et al., 2010; Tiede et al., 2010; Wang et al., 2012) and lower
rates for functionalized particles (Kiser et al., 2012). Studies with
bioﬁlm communities and pure cultures have also shown that
organic matter such as exopolysaccharides and humic acids can
protect microorganisms and reduce the toxicity of AgNMs (Roh
et al., 2009; Sheng and Liu, 2011; Wirth et al., 2012). For example,
the presence of Suwannee River humic acids made it impossible to
determine an effect on the growth of Pseudomonas ﬂuorescens
(Fabrega et al., 2009). However, these ﬁndings are mainly from
experiments inwhich the inﬂuence of organic carbonwas tested on
aquatic organisms whereas equivalent data for soil organisms are
more limited. Hund-Rinke and Schlich (2014) showed that AgNMs
and the ions released by them interact with organic matter added
to soil, reducing the long-term toxic effects on the sum of microbial
activities resulting in nitrate accumulation. The proposed mecha-
nisms for the inhibition of AgNM dissolution include surface
adsorption onto natural organic matter (which in turn prevents
AgNM oxidation and the release of silver ions) and the reducing
activity of humic/fulvic acids which converts oxidation products
back into silver metal (Liu and Hurt, 2010).
The interaction between AgNMs and humic acids or natural
organic matter plays an important role in terms of the transport
and mobility of AgNMs in soil (Akaighe et al., 2011; Coutris et al.,
2012; Sagee et al., 2012). However, organic matter appears to
have little impact on the effects of AgNMs in the terrestrial envi-
ronments we have investigated, perhaps reﬂecting the generally
low levels of organic matter in all ﬁve soils. It is possible that soils
containing more organic carbon than those included in this study,
or the same soils supplemented with additional organic matter,
would have a more dramatic effect on the toxicity of AgNMs.
4.3. Grain size distribution
We observed a clear relationship between the grain size distri-
bution of the soil (i.e. the sand and clay content) and the toxicity of
AgNMs towards ammonia oxidizing bacteria. Previous studies have
shown that the retention of nanomaterials generally increases and
the bioavailability declines in soils with a ﬁner grain size distri-
bution (Cornelis et al., 2014; Shoults-Wilson et al., 2011b).
Accordingly, we found that the toxicity of AgNMs increased in soils
with a higher sand content or lower clay content. The relationship
between AgNM toxicity and sand content was not linear (see 02A
and 03G) but there was a good relationship between the sand
content and higher toxicity (see 04A, 01A and 05G). There was a
better relationship between AgNM toxicity and clay content, with
only small deviations (05G and 02A). The retention of AgNMs in
natural soil has previously been shown to increase in line with the
granulometric clay content (Cornelis et al., 2012; Sagee et al., 2012)
which may promote the heteroaggregation of AgNM and clay par-
ticles, increasing the aggregate size and making them less available
tomicroorganisms, thus resulting in a lower toxicity. The formation
of complexes with clay particles may also inhibit the release of ions.
Our results show that the soil grain size distribution seems to be the
most important soil property inﬂuencing the toxicity of AgNMs.
5. Conclusions
The toxicity of AgNMs on microorganisms is inﬂuenced by the
same soil parameters that affect conventional chemicals. For
metals, the soil pH and parameters affecting the sorption behaviour
(i.e. grain size and organic carbon content) are important. However,
the toxicity of AgNMs cannot be attributed to only a single soilparameter in this study. Grain size (sand and clay content) seems to
be the most important parameter, but pH also has an effect and the
organic carbon content may also be important at higher concen-
trations, although not at the levels naturally present in the ﬁve soils
we tested. In addition to the soil properties considered in this study,
the role of the cation exchange capacity should be considered in
more detail in following studies.
Our results also emphasize the importance of long-term tests at
least for ion-releasing nanomaterials in soil. Soils described in
OECD Test Guidelines such as 216 and 217 (sand content: 50e75%,
pH 5.5e7.5, Corg 0.5e1.5%; Cmic  1%) are appropriate for the risk
assessment of conventional chemicals. Based on our results, the
recommendations in the test guidelines may also be considered
suitable for ecotoxicity studies with nanomaterials, to achieve the
maximum effect and to simulate worst case scenarios.Acknowledgements
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